The Stratospheric Observatory for Infrared Astronomy 1-3 (SOFIA) will enable unique astronomical observations from visible to millimeter wavelengths. AIRES 4 , a long-slit spectrograph with a mid-infrared slit viewing camera, would enable spectral imaging of gas-phase spectral features between 17 and 210 µm with resolving powers from ~60,000 to 5000. The Cryogenic Grating Spectrometer 5 (CGS: AIRES' predecessor) which was flown on NASA's Kuiper Airborne Observatory (KAO) 6,7 for 13 years, demonstrated the importance of this wavelength range. A 1997 proposal to develop AIRES was selected as the highest-ranked of 19 U.S. competitors for first-generation SOFIA science instruments. Funding was terminated in 2001 due to budget problems associated with an original under estimate and the advent of full cost accounting in NASA. Here we summarize AIRES' expected performance, its science potential, its status, and lessons learned. Highlighted are three successfully accomplished major technical developments: the world's largest monolithic cryogenic grating, cryogenic multiplexing amplifiers for far-infrared germanium photoconductor detectors, and an optical/mechanical design in a package suitable for installation on SOFIA. We show that AIRES would fill a unique role among other spectroscopic capabilities foreseen for space-borne missions. AIRES' capabilities remain a high but unfilled priority for SOFIA, and for the science community in general. Keywords: SOFIA, far-infrared, airborne, astronomy, echelle, spectrometer
ASTROPHYSICS WITH AIRES
As pioneered on the KAO and exploited by the LWS and SWS on ISO, the 17-210 µm region chosen for AIRES includes an abundance of atomic fine structure transitions, HI recombination lines, and molecular features. These can be used to probe physical conditions in highly-obscured ionized, atomic, and molecular gas in the ISM (interstellar medium) throughout the Milky Way and in other galaxies. AIRES would allow SOFIA astronomers to access any combination of these features on a single flight leg. This would permit efficient, comprehensive, and multiple investigations on a single flight, with minimum systematic errors associated with calibration and pointing uncertainties.
Measurements of far-infrared (FIR) lines probe the pressures, densities, luminosities, excitation, mass distribution, chemistry, and dominant heating and cooling rates in various components of the ISM. Thus these lines offer invaluable and often unique diagnostics of conditions in such diverse environments as stellar nurseries, circumstellar shells, the Galactic Center, starbursts in galaxies, and the nuclei of active galaxies. For example, Table 2 lists atomic fine structure lines measured with the CGS on the KAO. These low-lying transitions are quite insensitive to gas temperature and span a wide range of ionization potential (I.P.) and critical density (N crit ). The line pairs with a common energy level (e.g., [ 63 µm can be used to estimate relative elemental abundances. This short summary is just a hint at the value of possible studies that atomic line detections with AIRES would make available to observers on SOFIA. AIRES' measurements of molecular lines (e.g., CO, OH, HD, H 2 O, HeH + , etc) would enable access to an additional realm of information about sources in the ISM.
The scientific potential of FIR line detection glimpsed here is the motivation for the measurement phase-space -wavelength range, velocity resolution, and angular field of view -that AIRES would provide. Spectral resolving power typically refers to measuring two closely spaced lines. This is rarely an issue for AIRES because astronomical FIR lines tend to be well separated in wavelength. Instead, the need for high spectral resolution is based on (a) increasing sensitivity by limiting the backgrounds on the detectors, (b) increasing the sensitivity by increasing the line-to-continuum ratio on sources with bright continua, (c) separating an astronomical line from a telluric spectral (typically water) line, (d) determining the spatial distribution of velocities of gas in extended sources, (e) determining line-of-sight velocity distributions, and (f) determining the wavelengths of previously undetected lines. However, many of the lines needed for topical studies lie at considerably different wavelengths. This requires the ability to rapidly change wavelengths, as mentioned above. Efficient wavelength selection and good spectral resolution drove the design of AIRES to utilize a large echelle grating. The theoretical resolving power R of a grating used in Littrow mode is roughly 2L/λ, where L is the length of the grating projected along the light path from the collimator. This gives R = 20,000 (corresponding to15 km/s) for L = 1 m and λ = 100 µm. AIRES' 3'-long slit would enable imaging of significant portions of a variety of the objects to be studied. Table 3 lists some source classes with typical dynamics and sizes relative to AIRES' slit width:
AIRES DESCRIPTION AND DEVELOPMENT
Much detailed design and development were accomplished during the four years AIRES received funding from the SOFIA project and during the subsequent four years when minimal support was provided by NASA Ames. The resulting overall design and performance is quite consistent with that originally proposed 3 .
AIRES development was organized under a work breakdown structure (WBS) summarized in Table 4 . We describe the instrument's development status following this outline. 
Project Management
The management was structured according to the WBS, with a lead person for each element. Project documentation is included in WBS 0. Technical information was recorded in ~2000 AIRES Technical Notes (ATNs), to which references are made below. The ATN names were structured to provide the date (yymmdd), principal author's initials, and a mnemonic abbreviation for the topic. The ATNs and other project documentation are indexed and archived on CDROMs available from the authors. 
Science
The original AIRES proposal detailed a number of specific science examples plus a number of other topics for which its capabilities would be powerfully enabling. In this paper the discussion of science is limited to the generic arguments given in section 2, "Astrophysics with AIRES", above.
Integration, Test, and Verification (IT&V)
A quite detailed IT&V plan was developed, (ATN030324.EFE.IVToutline, ATN.990817.MRH.ITVplan). The plans list and order detailed activities, durations, and describe needed test equipment. For example, Figure 1 shows the vacuum test chamber (aka Calibration Tank, WBS 8.5) in the Space Science Building at NASA Ames. It provides a steerable, focused, chopped infrared beam for simulating operation on the telescope. A very rough summary of laboratory IT&V activities is given in Table 5 . Engineering test flights and commissioning on SOFIA are not shown.
Optics
The optical analysis, including diffraction effects, and specifications of the optical system were completed and reported by Haas 10 . Analysis was done using Code V for ray-tracing, GLAD for diffraction, and PC-Grate for grating efficiency. The design features an off-axis Cassegrain collimator for the echelle, multiple "predisperser" gratings and filters to sort echelle orders, an off-axis K-mirror assembly to orient the slit on the sky, and a mid-infrared camera which views a 3' diameter field of view centered on the spectrometer slit. All the optics except the cryostat entrance window and the filters are reflective. For simplicity an unfolded, all-refractive representation the optical system is shown in Figure 2 .
The optical parameters and assumed characteristics of the optical elements were used to calculate the tolerances on the components and overall system performance, such as aberrations, distortions, resolution, and transmission. For example, Table 6 Where practical, optical tolerances for surfaces are prescribed to facilitate alignment with visible light. Table 7 shows the calculated system transmission, including effects of the chopping secondary mirror on the telescope. Conservative parameters and relatively inexpensive components were selected where future upgrades could be readily implemented. For example, somewhat higher reflectance of the aluminum mirrors is possible by gold coating them, a thin polypropylene membrane would provide better window transmission, and interference filters would give higher transmission than the AR-coated restrahlen crystals assumed here. 
Opto-Mechanics
The optical system specifications (e.g., ATN.991024.MRH.optical_parameters, ATN.991115.MRH.tolerances) were provided to the mechanical designer in absolute coordinates that positioned optical elements in the global coordinate system depicted in Figure 3 . Significant additional considerations constrained the design: The entire optical system except for the cryostat entrance window must run at temperatures no higher than 7 K, to avoid background-generated photon noise in the long-wavelength detectors. Optics and metering/support structures are all aluminum (as was the case for the CGS 5 ), to assure homologous behavior with thermal cycling. The echelle size drives the scale of the instrument. The instrument must be small enough to fit through SOFIA's 42-inch wide passenger door, and must meet the weight, balance, and interface constraints for mounting on the telescope. Designing the instrument package to meet these requirements was one of the most challenging technical aspects of the project. The mechanical system design was done using ProEngineer (ProE) and the mechanical analysis was done with ProMechanica. These tools allow accurate weight and balance assessment for the for elements with completed fabrication designs. Estimates based on preliminary designs were made for all remaining components. Figure 2 below shows the resulting global parameters for the instrument.
The organization and status of Opto-Mechanics (WBS 4) is summarized in Table 8 , which is an abbreviated version of a much more extensive analysis. The Echelle and Predisperser subsystems are the most complex, and their final designs are complete, as are those of most other subsystems. Of the 471 estimated total fabrication and assembly drawings, about 87% are finished, including the most complex subsystems, so that well over 90% of the design is considered done. Roughly 26 work-years of effort were expended in the design, of which about 9 were in the predisperser design, which was redesigned after the initial design failed to meet the required tolerances. As opposed to work on other WBS elements which was largely terminated when SOFIA project funding ended in 2001, design work continued in OptoMechanics until the spring of 2005.
As noted above, the instrument scale is driven by the echelle grating, for which new technology and an early start were required. The blank was built from a custom-forged billet of 6061 aluminum heat treated to T6 condition. Wire electric discharge machining produced a triangular cross-section truss-structure across the width of the blank (a maximum of 11 inches), reducing its weight by about 80%. After both rough and finish machining, it was gently cycled ten times between 77 and 373 K to stabilize the material. Grooves were machined at Hyperfine in Colorado. The basic optical specifications for manufacturing are given in Table 9 . The groove pitch at 4 K is 976 µm. Testing at 300 K Figure 3 . AIRES overall mechanical outline and parameters. This view would be seen from the starboard interior of the plane; aft is to the left. The instrument would attach to the telescope with the large flange seen at left. The weight and center of gravity location are well within the required envelope for science instruments (e.g., the weight limit is 1320 pounds). The instrument center line is tilted at 5° relative to the telescope infrared beam centerline to provide floor clearance when the telescope moves. The center of the AIRES coordinate system is centered on the (optically) upstream face of the cryostat baseplate. demonstrated the grating meets or exceeds these requirements. For example, a 10.6 µm interferogram showed a wave front error <0.04 waves. This remarkable optic is 42 inches long -the largest monolithic grating known to us. Optical element specification for procurement is included in drawings of each subsystem; requires vendor concurrence ∆ Report describing and analyzing design tolerances, tradeoffs, rationale, expected performance $ Design Review includes the review itself, the written report of the reviewers, and a written response of the designers § Fraction of cost estimates provided by potential vendors The echelle is pictured in Figure 4 with Mr. Bernard Bach, President of Hyperfine, who perfected the machining technique 11 . Hyperfine also attached the pivot beam to provide precision rotation of the grating through its operating range from 62 to 79°. Generally the instrument design philosophy was to keep the instrument simple, reliable, and as easily maintainable as possible.
For example, the 7 articulating mechanisms are driven from motors outside the cryostat to simplify repair, to reduce heat generation inside the cryostat, and to minimize down time if repair is needed.
The reliability of mechanisms is a serious concern; we note that designers of cryogenic astronomical space instruments minimize the number of mechanisms employed. AIRES' mechanism are driven open-loop to reduce electronics inside the cryostat. Adequate reproducibility and precision are obtained using AGMA 12 gearing. AIRES' mechanisms are listed in Table 10 , in order (left to right) of the light progression. Note that in Figure 1 , Filter Wheel 1 is not labeled, and Filter Wheel 2 is labeled "F".
In the case of the echelle, a resolution (in equivalent Doppler velocity) of <20 km/s and reproducibility of <1.6 km/s are the requirements (ATN.030403.EFE.EchelleSystemSpec). To articulate the echelle, a sine-bar mechanism was selected using a lead screw actuator instead of a worm drive. The former gives somewhat more reserve on the drive precision, and facilitates assembly and calibration before installation in the cryostat. Figure 5 is a ProE model of the lead-screw drivemechanism assembly. Table 11 shows the analysis for the echelle drive.
We show a few other ProE assemblies of the Opto-Mechanical system to give the reader an impression of the system design and status. Figure 6 shows the preliminary model of the D1 camera, with optical rays imported from the Code V model. Figure 7 shows the K-mirror assembly, and Figure 8 shows the predisperser. Figure 9 shows the ProE assembly model of the instrument in the vicinity of the echelle, with the end of the cryostat removed. 
Cryostat
The Baseplate Assembly (WBS 4.0 - Tables 4 and 8 ) is the basic interface between the optical system and the cryostat. Figure 3 shows an exterior side-view cryostat outline drawing. In Figure 9 the baseplate is hidden by the echelle support ring and tube, but the Service Ring of the cryostat with cryogen fill tubes, etc is visible. However the baseplate and many other features of the cryostat are shown clearly in Figure 10 . Basic cryogen parameters are given in Table 12 (ATN.011031.JAB). Helium in the small tank would be pumped to provide the cooling for the germanium photoconductor arrays.
Hold times are estimated for the anticipated spectrometer operating conditions, but will require careful attention to insulation installation. The ranges of hold-times shown encompass uncertainties in the nominal heat loads. The cryostat structure is designed with adequate stiffness to maintain the boresight stability to < 75 µm or 0.3 arc seconds as the telescope moves through its range of motions (ATN.991011.JAB). The cryostat design was sufficiently complete that its fabrication was solicited and a vendor selected in 2000, when the project management requested delay of its purchase to solve a SOFIA cash-flow problem.
The existing cryostat design is adequate for AIRES. However, some performance improvements may be possible if the design is carefully examined. The cryostat interface to the opto-mechanical system, must be carefully managed. Mechanical refrigerators for cooling to cryogenic temperatures have advanced significantly in capabilities since the cryostat was designed, and may be a good option, if suitable instrument monitoring of the system can be provided while it is installed on the aircraft on the ground between flights. Figure 10 . Section view of the cryostat, oriented with its z-axis horizontal, and ProE solid model with the cryostat oriented as it will be on the telescope with its Line of Sight axis set at 0°.
Detectors
The planned 4 detector arrays are summarized in Table 13 , below. D1-D3 appear also in Table 1 , although the Table 13 reflects more accurately the updated detector configuration. The overall detector plan was extremely ambitious, and the development proved to be a major effort, particularly for the custom arrays 12, 13 . Equipment (dewars, electronics, lightsources, etc) was built and used for detector testing. Progress was made implementing all these arrays except D1, which was not readily available but known to be operational and in development for Spitzer (aka SIRTF).
A comprehensive closeout report (Haas, AG600100, 2002) describes work done on detectors, which we summarize: Testing of D0 demonstrated functionality and addressed some performance parameters, but the measurements were inadequate to calculate the DQE which was expected to be high based on nominal performance of these devices. A bare multiplexer was obtained for D1, but no testing was done. In a 2x24 prototype module for the D2 array, an undesirable variation in responsivity from detector to detector was observed but not explained. The problem appears to be with the detectors because the responsivity and the dark current vary in the same way from one detector to another. The performance of at least half of the detectors in the prototype array was satisfactory. The readout frame design needs modification to permit connecting all 8 electrical-harness receptacles, so that the readout frames can be plugged in and removed independently. The D3 stress rig design utilizing spring loading needs refining and testing. The detectors showed signs of some inelastic flow after thermal cycles, reducing their long-wavelength response. Figures 9-11 show some of the detector hardware. Figure 13 . Bare-multiplexer camera built for testing the D0 readout by imaging visible light. The camera is about 11-inches wide.
Electronics
Multiplexers for the commercial silicon IBC (BIB) detectors are supplied with the arrays by their vendors. Visible light can be used to test these devices, for which we built custom "bare-mux" cameras -see Figure 13 . For the germanium Table 14 shows the background estimates and resulting readout performance requirements bounding SOFIA photometric and spectroscopic applications. These are the basis for the SBRC 190 specifications which were incorporated in the design 14 . Table 15 shows the design feedback capacitor values, corresponding well capacities, and average measured values of the feedback capacitors 15 . Figure 14 shows the unit cell circuit diagram. Figure 15 is a picture of the integrated circuit. Difficulties in fabricating the device prompted a number of iterations, and no production run met all the criteria for success based on warm foundry (parametric) tests of test structures on the wafers. Nevertheless well over a hundred devices with adequate performance were selected by screening. Some of these chips have been tested at a few degrees K both at the University of Arizona and NASA Ames 15,16, . The devices operate at temperatures as low as 1.5 K, with a power dissipation per channel ~ 1 µW. Testing of an AIRES 2x24 detector module with Ge:Sb detectors has been done using two of these SBRC 190s, achieving NEPs ~ 1E-16 W/(Hz) 1/2 for responsivities ~25 A/W at λ~96 µm, in unchopped operation.
14 This performance satisfies the noise requirements for photoconductor detectors, however, no device suitable for the background from the sky and SOFIA telescope was available. For this purpose, working with the Raytheon IR Center of Excellence in Santa Barbara, we developed the SBRC 190, a 1x32 channel cryogenic multiplexer for FIR photoconductor detectors operating at moderate backgrounds 14 . The circuit is based on the 32-channel CRC 696 CMOS device used on Spitzer. The new device tolerates higher backgrounds, a wider range of backgrounds, faster sampling, and enhanced synchronization of sampling with chopping. Major design differences relative to the CRC 696 which have been incorporated in the SBRC 190 are: (a) an AC coupled, capacitive feedback transimpedence unit cell, to minimize input offset effects, thereby enabling low detector biases, (b) selectable feedback capacitors to enable operation over a wide range of backgrounds, and (c) clamp and sample & hold output circuits to improve sampling efficiency, which is a concern at the higher readout rates. (Table 1) . Based on this technology, 2-dimensional readouts for germanium FIR detector arrays are being developed.
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"Warm" electronics outside the cryostat consist of the Detector Control and Readout Electronics (DCRE), and the spectrometer controller electronics. A simplified block diagram of the warm electronics is shown in Figure 16 . The DCRE permits operating one array at a time. Commercial hardware was used where ever possible. Suppliers of various modules are indicated. The digital DCRE electronics were supplied by GATIR (a company in Florida). SOFIA telescope hardware is shown as provided by NASA's contractor, USRA. Some of the hardware developed or procured, mounted in a rack for laboratory use, is shown in Figure 17 .
Support Equipment
Support equipment elements are listed under WBS 8 in Table 4 . The operational Calibration Tank shown in Figure 1 and much of the cryogenic/vacuum equipment was already available in the AIRES team's laboratory at Ames. Preliminary or conceptual designs were done for the other support equipment items listed in Table 4 . .20 .40 dλ = optical bandwidth (µm):
. 
Software
The AIRES software was generally written in RSI's Interactive Display Language (IDL) for both data acquisition and data reduction. C was used when necessary for low level hardware communications. FITS files were used for the storage of detector and housekeeping data. Thanks to the reuse of software developed at the University of Florida to run their detector electronics, and to the general availability of IDL software for handling the FITS files, the software development for AIRES was only ~5% of the total instrument development effort. Elements of AIRES' software and their estimated fraction of completed development at the time of termination are listed in Table 16 . The data acquisition software was ~40% complete and the data reduction software was ~65% complete so overall, about 50% of the effort was completed.
Operations
WBS10 consists largely of documentation describing AIRES' operation, calibration, maintenance, etc. Most of the material was to be provided by other WBS leads and from ATNs. Content is summarized in Table 17 . 
AIRES' POTENTIAL ROLE ON SOFIA

AIRES' LESSONS
First, we have developed the technology for, demonstrated the feasibility of, and completed much of the effort needed to build a facility-class spectrometer for SOFIA with the remarkable performance of AIRES. This lesson should be valuable for proposers of future SOFIA spectrometers, for which some of the AIRES hardware may be useful.
Second, there are important lessons associated with AIRES cancellation. The SOFIA project management (at NASA and USRA) cancelled AIRES because the anticipated cost to complete it considerably exceeded the proposed cost. This
In January 2002, a few months after the SOFIA project decided to cancel AIRES, a number of experienced infrared astronomers and astrophysicists (listed in Table 18 ) subscribed to a white paper for NASA's Space Science Roadmap Revision recommending the development of a SOFIA Facility Spectrometer (SFS) 8 . They concluded: Much of SOFIA's justification was based on science enabled by high-resolution, far-infrared, imaging spectroscopy. If developing the SFS is long delayed, so also will be much of the promise of this unique observatory. We urge endorsement of a farinfrared facility spectrometer development for SOFIA, to begin as soon as possible. The characteristics of the spectrometer described in the white paper were those of AIRES. The prospective performance, in spectral resolving power versus wavelength, was compared with other anticipated space-borne infrared spectrometers, as shown in Figure 18 . Clearly AIRES would fill an important and unique role now absent in the anticipated capabilities of infrared spectroscopy.
SOFIA is an ideal platform for such large sophisticated instruments. decision denied SOFIA, certainly, of one of its most powerful instruments. As is well known in space astronomy projects, costs are often underestimated, which occurs for a variety of reasons. For AIRES, a major factor was the cost of the substantial civil service labor originally planned, which increased more than a factor of ten (per person) between 1997 and 2001 due to the implementation of full cost accounting at NASA. Here we discuss the cost issue as it relates to future SOFIA science instruments, with the hope that AIRES experience can be of some benefit to SOFIA.
Relative to space facilities that access wavelengths not available from earth, a primary advantage of SOFIA is its ability to accommodate large, sophisticated focal plane science instruments (SIs). SOFIA's development and operating costs are far above those of large existing ground-based observatories. To enable effective use of SOFIA's limited observing time, one should then expect its facility SIs to cost in the same range as (or more than) facility SIs for large ground based observatories, which are ~$20M -$40M or more.
The AIRES team proposed a powerful and feasible SI concept, but underestimated the effort needed to build it. Technical challenges -the custom detectors, the optical design, packaging the opto-mechanics, the SBRC 190 development, the echelle development -although met, were all more difficult than expected. The effort for FAA compliance far exceeded expectations. In addition, when writing the proposal, the team did not do sanity checks on contemporary costs (then ~$10M) of facility SIs of comparable complexity being developed for ground-based observatories. In addition, ss mentioned above, much of the cost increase was due to increased rates for civil servant labor.
We can therefore make the following recommendations regarding development of future facility SOFIA SIs: 1.
Realistically evaluate the readiness level of required technology. 2. Fund development with contracts rather than grants, to help ensure institutional responsibility in cost estimating and development. 3. Require proposals to compare proposed costs with those of comparably complex ground-based instruments. 4. Provide proposers the actual effort (work years) expended and full costs (including institutional contributions) of all the SOFIA SIs. 5. Simplify and provide well-defined guidelines for airworthiness approval. 6. Anticipate, budget, protect, and consistently providerealistic amounts of development funding and reserve.
As an important caveat on the costing, we emphasize the need for Principal Investigator (PI) class SIs on SOFIA, to fulfill another of its primary attributes: the encouragement of new SI technologies.
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